Acid methanolysates of 104 strains of coryneform and related bacteria were examined for mycolic acids by thin-layer chromatography and mass spectrometry. The mycolic acids of Corynebacterium sensu strict0 strains were not uniform in size and structure, and considerable variation existed within the approximate limiting range of C 22 to C 36. Two species, Corynebacterium bovis and 'Corynebacterium mycetoides', were particularly distinctive; the former had exceptionally low molecular weight mycolic acids (C22 to C3J, whereas the latter contained major amounts of mycolates with a side-chain possessing an odd number of carbon atoms. Caseobacter polymorphus contained mycolic acids of a similar size (C3* to c36) to those of true corynebacteria. The rnycolates of organisms assigned to the genus R hodococcus were generally larger (C30 to c56), although a clear distinction between true corynebacteria and rhodococci cannot presently be made by analysis of mycolic acids alone. Strains labelled 'Arthrobacter roseoparaffinus', Corynebacterium equi and Corynebacterium hoagii contained mycolic esters with molecular weights 'intermediate' in size between those of true corynebacteria and rhodococci. The mycolic acid data correlate well with other major trends in coryneform taxonomy and support earlier suggestions that they are of value in the classification of the group.
Pyrolysis gas chromatographic analysis of mycolic acid methyl esters of Corynebacteriurn xerosis C33 on OV-1 (profile a) and Silar 1OC (profile b). On each peak, the first number indicates the number of carbon atoms, the second indicates the number of double bonds and the final letter indicates whether it is an aldehyde (a) or ester (e).
R E S U L T S A N D D I S C U S S I O N
Thin-layer chromatographic analysis of the whole-organism methanolysates revealed the presence of mycolic acid methyl esters (R, 0.2 to 0.5) in all of the test strains (Table 1 ).
Pyrolysis gas chromatography of the mycolic acid methyl esters from Corynebacterium xerosis C33 was performed in order to clarify the interpretation of the mass spectra of the mycolic esters under consideration. The analyses were performed on both polar and non-polar stationary phases: the results are shown in Fig. 1 . Pyrolysis gas chromatography of mycolic esters yields mixtures of long-chain esters and aldehydes (Etemadi, 1967; Lechevalier et al., 1973) , and from the mycolates of C. xerosis C33 complex mixtures of mainly monounsaturated components were observed (Fig. 1) .
Methyl esters of mycolic acids fragment on mass spectrometry in several competing pathways depending on their overall size and structural features (Etemadi, 1967; Maurice et al., 1971; Alshamaony et al., 1976a, b; Minnikin & Goodfellow, 1976 , 1980 Goodfellow et al., 1978) as summarized in Fig. 2 . The highest peaks in the mass spectra of methyl mycolates correspond to anhydromycolates formed by the elimination of the elements of water from the parent molecule. Cleavage according to a and a' (Fig. 2) involves net transfer of the hydroxyl hydrogen atom to give long-chain aldehydes (meroaldehydes) and esters. Unsaturated esters produced by cleavage a do not give prominent peaks but readily lose the elements of methanol to give characteristic fragments X ( Fig. 2 ; Goodfellow et al., 1978) . Fragments Y due to cleavage b complement those arising from a and assist in determining the overall size of the side-chain R, (Fig. 2) .
In the present study, peaks at m/e 158, 186, 214, 242, 256, 270, 284 and 298 correspond to saturated esters ( Fig. 2; cleavage a ) and fragments at m/e 187, 215, 243, 271, 285, 299, 313 and 327 ( Fig. 2; cleavage b) confirm the presence of side-chains R, (Fig. 2) C 16H33, respectively. The presence of side-chains C 14H27 and C 16H31, containing one double bond, was shown by the presence of small peaks at m/e 268/297 and 296/325 and larger fragments at m/e 236 and 264 formed by elimination of the elements of methanol from the parent ester (Fig. 2) . The intensities of the last peaks (X+, Fig. 2 ), however, are variable due to the presence of other competing reactions and do not accurately reflect the proportions of monounsaturated side-chains (R,) in the parent mycolates. The variety of competing pathways (Fig. 2 ) and the similarity of the size of the fragments occurring in the mass spectra of the mycolic esters under study make it difficult to propose accurate structures based on mass spectral analysis alone. In the partial mass spectrum of the mycolic acid methyl esters of C. xerosis C33 (Fig. 3) , for example, prominent peaks at m/e 5 16 and 544 are due to the main components of anhydromycolates (Fig. 2) corresponding to diunsaturated C 34 and c 3 6 parent mycolic acids, respectively. Smaller peaks can be assigned to the minor series of anhydromycolates (Fig. 3 ) and other peaks, m/e 484 and 512 for example, are due to loss of the elements of methanol from the major anhydromycolates.
The complex array of peaks in the region m/e 200-350 of the mass spectrum of the mycolates from C. xerosis C33 (Fig. 3) is mainly due to fragments including the side-chain R, (Fig. 2 ). Peaks at m/e 236 and 264 (Fig. 3) do correspond in size, as noted previously (Alshamaony et al., 1977) , to diunsaturated aldehydes, but on pyrolysis gas chromatography no such aldehydes were detected. Monounsaturated esters lose the elements of methanol (Campbell & Naworal, 1969; Goodfellow et al., 1978) and the peaks at m/e 236 and 264 must be such products formed from monounsaturated C,, and C,, esters. Peaks in the mass spectra attributable to aldehydes were not clearly identifiable for the mycolates under study. The detection of aldehyde fragments was also unreliable in the spectra of mycolates from nocardiae and rhodococci (Alshamaony et al., 1976 a, b) , but for mycobacterial mycolates the peaks due to aldehydes were consistently recorded (Etemadi, 1967) . The series of peaks corresponding to anhydromycolates were, however, very reliable in appearance. Interpretation of the mass spectra of the mycolic acid methyl esters from the test organisms, bearing in mind the complexities demonstrated for C. xerosis C33, enabled us to determine the distribution of the side-chains R, ( Table 2 ) and the anhydromycolate compositions (Tables 3 to 6). The mycolic acids from Corynebacterium bouis strains were particularly distinctive (Table  3) having a carbon range of C,, to C32 and side-chains R, of the composition C6H13 and C8H,, (major component). The presence of such small parent acids and side-chains R , distinguishes C. bovis from all other corynebacteria examined.
Corynebacterium diphtheriae strains contained mycolic acids with carbon ranges between c2, and c 3 6 , consisting of saturated, mono-and diunsaturated components (Table 4) . These mycolates possessed predominantly saturated C and C14 side-chains R,, although in one strain (NCTC 3985) major amounts of a monounsaturated c 1 6 side-chain were detected ( Table 2) . These results are in agreement with previous reports of mycolic acids with carbon ranges of c2, to C32 (Senn et al., 1967; Beaman et al., 1974) and C2, to C3, (Alshamaony et al., 1977) from C. diphtheriae strains.
The animal pathogens C. kutscheri, 'C. minut issimum ', C. pseudotuberculosis, C. renale and 'C. ulcerans' all contained parent mycolic acids with carbon ranges between C26 and c 3 6 ; N I B I N N I W 'a ' a CINV M 0 1 1 3 d C I 0 0 9 ' W ' S N 1 1 1 0 3 '(3 + saturated, mono-and diunsaturated components were present in all strains ( Table 4) . The mycolates of the majority of these strains contained predominantly saturated C 14 side-chains, although smaller amounts of saturated C12, C13, C15 and c 1 6 and monounsaturated C,, and c 1 6 side-chains were occasionally detected ( Table 2 ). The present data are in good agreement with the report of the release of a c 1 6 : o ester from the mycolates of C. pseudotuberculosis on pyrolysis gas chromatography (Lechevalier et af., 1973) . Similarly, Diara & Pudles (1959) described a saturated C34 mycolic acid in C. pseudotubercufosis which on pyrolysis released a c 1 6 : o ester. Yano & Saito (1972) , however, reported the presence of mycolic acids in 'C. ukerans' having a shorter chain length (C20 to C32) than those observed in the present study. Strains of the animal-associated species C . pseudodiphtheriticurn and C. xerosis contained mycolic acids with carbon ranges from C,, to c 3 6 (Table 4) . Mass spectrometry of the mycolates of C . pseudodiphtheriticurn showed the predominance of saturated C 1 2 H 2 5 side-chains R,; smaller amounts of saturated C 1sH2, and monounsaturated C 14H27 and C 16H31 side-chains were also detected (Table 2) . Considerable variation in the composition of the side-chains was observed between strains of C. xerosis. The mycolates of C. xerosis strain C33 contained major amounts of saturated C12H25 and C14H29 and monounsaturated C 14H27 and C,,H,, side-chains, whereas those from C. xerosis strains C27 and C137 had predominantly saturated C14H29 side-chains (Table 2, Fig. 3 ). Welby-Gieusse et af. (1970) found mycolic acids with one double bond in the a-alkyl branch in a strain of C. pseudodiphtheriticum. These mycolates had a carbon chain length of C,, to c 3 6 which on pyrolysis yielded Cl6:,, C16:1, C18:o and ClgL1 esters. In a strain of C. xerosis, Alshamaony et al. (1977) and Corina & Sesardic (1980) found mycolic acids with carbon ranges of C32 to c 3 6 and c 2 8 to c 3 6 , respectively.
M . D . C O L L I N S , M . G O O D F E L L O W A N D D . E . M I N N I K I N
The mycolic acids from 'C. Javidum', 'C. mycetoides' and 'C. segmentosum' had carbon ranges from c 2 , to c 3 6 (Table 4) . Mass spectrometry of the mycolates of 'C. j'avidurn' and 'C. segmentosum' showed the predominance of monounsaturated C 16 side-chains R,; smaller amounts of saturated C,, and C,4 side-chains were also detected ( Table 2 ). In contrast, the mycolates of 'C. mycetoides' had major amounts of side-chains with compositions C 14H29 and C15H31; smaller amounts of C12, C13 and c 1 6 side-chains were also observed in the mass spectrum. The occurrence of major amounts of mycolic acids with side-chains containing odd numbers of carbon atoms was very characteristic and distinguished this taxon from all other coryneform bacteria examined ( Table 2) .
Strains of the glutamic acid-producing coryneform bacteria -'Arthrobacter albidus ', Brevibacterium ammoniagenes, 'B. chang-fua ', B. divaricatum, 'B.Javum ', 'B. glutamigenes ' , 'B. immariophilurn', 'B. lactofermentum', 'B. roseum ' , 'B. saccharolyticum', 'B. taipei', 'Corynebacterium acetoacidophilum ', C. callunae, C. glutamicum, 'C. herculis', C. Mum, 'C. melassecola ' and 'Microbacterium ammoniaphilum ' -all contained mycolic acids with carbon ranges of c 2 g to c 3 6 ; saturated mono-and diunsaturated components were detected. Minor variations in the composition of the side-chains R, were observed between individual strains although the general homogeneity exhibited by the mycolic acids of the glutamic acid-producing strains supports their assignment to the genus Corynebacterium sensu stricto (Abe et al., 1967; Bousfield & Goodfellow, 1976; Collins et al., 1979a) .
The mycolic acids of strains bearing the labels A . variabilis, B. stationis and 'Microbacteriumj'avurn' had carbon ranges of c,, to C36, composed of saturated, mono-and diunsaturated components. Barksdale et al. (1979) recently reported the presence of short-chain mycolic acids in 'Microbacterium Javum ' and reclassified this species in the genus Corynebacterium, as C.Javescens. The results of the present study are in accord with this proposal. Keddie & Cure (1977) reported the presence of free mycolic acids in A . variabilis and B. stationis strains which had chromatographic mobilities compatible with their inclusion in the genus Rhodococcus. In contrast, reported that the mycolates obtained from whole-organism methanolysates of A . variabilis and B. stationis had chromatographic properties similar to those from true corynebacteria. The present data confirm that A . variabilis and B. stationis have mycolic acids with chain lengths similar to those from true corynebacteria. The mycolic acids from 'A. roseoparaffinus', C. equi and C. hoagii exhibited carbon chain lengths of C,, to C39, C30 to C3, and C30 to C38, respectively (Table 6 ). On mass spectrometry the mycolates of 'A. roseoparafinus' released major amounts of C 16:0 esters, although smaller peaks due to C14:,, CIS:,, C16:1, C 1 7 : 0 , CIS:, and C1,:, esters were also detected. In contrast, the mycolates of C. equi and C. hoagii produced predominant amounts of C14:, and C16:, esters with small amounts of C12, CI5, C,, and C,, esters also detected. The taxonomic position of 'A. roseoparafinus'l C. equi and C. hoagii remains problematic, as the chain length of their mycolates overlapped in size with those from representatives of Corynebacterium sensu stricto (C 2*--C 36) and R hodococcus (C 32-C 66; Minnikin & Goodfellow, 1976 , 1980 Representative strains of Caseobacter polymorphus have mycolic acids with carbon ranges between C,, and c 3 6 ( Table 4) . The taxonomic position of this taxon remains unclear, for while the mycolic acid data indicate an affinity to true corynebacteria, the guanine plus cytosine content (65.5-66.9% G + C; Crombach, 1978) suggests a closer relationship to the rhodococci. Clearly, further comparative studies are required to determine the detailed relationships that exist between caseobacters, corynebacteria and rhodococci.
Mycolic acids with a similar range of molecular weights to those from rhodococci were isolated from a number of differently labelled coryneform strains (Table 5) . Thus, 'A. hydrocarboglutamicus', 'A. parafineus', A . picolinophilus, 'B. butanicum' and 'B. healii' contained mycolic acids with carbon ranges from C3, to c 4 6 , 'B. ketoglutamicum'from c 3 8 to C51, 23. parafjnolyticum' from C30 to C,,, 'B. sterolicum' from C30 to c48, 'C. alkanum' from C3, to c46, 'C. hydrocarboclastus' from C32 to c46, 'Mycobacterium lacticolum' from C,, to c 5 6 and 'Mycobacterium rubrum subsp. propanicum' from c 3 6 to c5@ Mycolic acids with a similar range of molecular weights (C32 to C,,) have been isolated from a strain of 'Mycobacterium paraflnicum' (Krasilnikov et al., 1972) . The same workers reported the isolation of short-chain mycolates (C30 to C3,) from a strain labelled 'Mycobacterium lacticolum var. aliphaticum' (Krasilnikov et al., 1973 (Minnikin & Goodfellow, 1976 , 1980 .
The results of both the present investigation and earlier studies Keddie & Cure, 1977) show that mycolic acid analyses can make an important contribution to coryneform systematics. In particular, the results of the present lipid analyses add to the case for restricting the genus Corynebacterium to the human and animal corynebacteria and related saprophytic strains (Barksdale, 1970; Schleifer & Kandler, 1972; Jones, 1975) . Thus, the presence of short-chain mycolates (C22 to c36) within the animal corynebacteria and related saprophytic strains such as C. glutamicum distinguishes these organisms from those in other coryneform taxa such as Arthrobacter, Brevibacterium, Cellulornonas, Curtobacterium, Microbacterium and Oerskovia which lack these characteristic lipids. Members of the genus Rhodococcus generally have larger mycolic acids (C30 to c66) although a clear distinction between true corynebacteria and rhodococci cannot, at present, be made by analysis of mycolic acids alone,
